The treatment of patients with large hemispheric ischaemic stroke accompanied by massive space-occupying oedema represents one of the major unsolved problems in neurocritical care medicine.
Introduction
Subtotal or complete middle cerebral artery (MCA) territory infarctions, including the basal ganglia, occasionally with additional infarction of the anterior cerebral artery (ACA) or the posterior cerebral artery (PCA) or both, are found in 1% to 10% of patients with supratentorial infarcts [1] [2] [3] . They are commonly associated with serious brain swelling, which usually manifests itself between the second and the fifth day after stroke onset [1] [2] [3] [4] [5] [6] [7] [8] . Space-occupying cerebral infarction is a life-threatening event. Mass effect leads to the destruction of formerly healthy brain tissue and, in severe cases, to extensive brain tissue shifts resulting in transtentorial or uncal herniation and brain death [3, 6, 9] . These complications are responsible for the rapid neurologic deterioration seen in such patients [1] . In intensive care-based prospective series, the case fatality rate of these patients was approximately 78% despite maximum medical therapy [3, 10, 11] . For these catastrophic cerebral infarcts, the term 'malignant infarction' was coined by Hacke and colleagues [3] in 1996.
Clinically, these patients present with dense hemiplegia, head and eye deviation, and multimodal hemineglect; global aphasia coexists when the dominant hemisphere is involved [2, 3] . The National Institutes of Health Stroke Scale score is typically greater than 20 when the dominant hemisphere is involved and greater than 15 when the nondominant hemisphere is involved [12, 13] . They show a rapidly progressive deterioration of consciousness over the first 24 to 48 hours and frequently a reduced ventilatory drive [3] . Neuroimaging typically shows definite infarction of at least two thirds of the MCA territory, including the basal ganglia, with or without additional infarction of the ipsilateral ACA or the PCA territories, or an infarct volume of greater than 145 cm 3 using diffusion-weighted imaging [14] [15] [16] [17] [18] . Because of an increasing number of young patients suffering from brain infarction (a group of patients at particular danger of malignant infarction), Critical Care Vol 11 No 5 Jüttler et al. finding an optimal treatment solution has made this a most urgent topic in neurointensive care medicine during the last decade.
Treatment options
1. Conservative treatment 1.1. General stroke treatment As far as blood pressure, blood glucose level, body core temperature control, fluid and nutrition management, and prophylaxis of deep venous thrombosis are concerned, patients with malignant MCA infarctions are treated according to the current guidelines of general ischaemic stroke treatment [19] [20] [21] . There are some modifications:
Induced hypertension may be useful in case of haemodynamic relevant vessel stenoses or to maintain critical perfusion in the presence of radiologically confirmed penumbra [22] . However, there are no controlled trials to confirm this, and available data are contradictory [23, 24] . In a prospective trial in patients with malignant MCA infarction, induced hypertension increased cerebral perfusion pressure (CPP) without a relevant increase of intracranial pressure (ICP) [25] . An exception is made in patients receiving decompressive surgery. In these cases, systolic blood pressure during the postoperative phase of the first 8 hours after surgery is kept at 140 to 160 mm Hg to avoid severe bleeding [26] .
Previous recommendations of elevation of the head of 30° in patients with malignant MCA infarction should not generally be followed. The idea is that head elevation may improve venous drainage. Furthermore, an upright body positioning reduces the risk of nosocomial infections [27] [28] [29] . In fact, although elevation of the head may decrease ICP, the effect on CPP is less predictable. In several studies, head elevation increased CPP [30] [31] [32] , decreased CPP [33, 34] , or left CPP unaltered [35] [36] [37] . Most of these studies investigated patients with traumatic brain injury or subarachnoid haemorrhage. However, in large ischaemic stroke, different pathophysiological aspects such as the possibility of salvaging tissue in the ischaemic penumbra must be taken into consideration. Only one study has investigated the effect of body positioning in patients with large hemispheric ischaemic stroke [34] . According to the results, a plane positioning of the head is recommended. Only in case of considerable increases in ICP or in patients at high risk of nosocomial infections, a moderate elevation of the head of 15° to 30° is recommended, always depending on the CPP [34] . Any form of compression of the jugular veins should be avoided.
As soon as ventilatory drive is depressed, airway protection becomes paramount, necessitating intubation, ventilation, and sedation. Patients should be intubated at a Glasgow Coma Scale (GCS) score of lower than 8, [38] . Deep sedation is recommended to avoid uncontrolled increases of ICP [27, 28] . The following parameters should be targeted: PaO 2 (arterial partial pressure of oxygen) above 75 mm Hg and arterial partial pressure of carbon dioxide (PaCO 2 ) of 36 to 44 mm Hg. In case of raised ICP, the ventilation mode should be changed: Minute ventilation should be adjusted to maintain PaCO2 levels between 35 and 40 mm Hg and pO 2 above 100 mm Hg. A minimum of 5 cm H2O of positive end-expiratory pressure and a minimum FiO2 (fraction of inspired oxygen) to maintain SaO2 (saturation of oxygen [arterial blood]) above 90% are advocated [26, 27, 39, 40] .
All patients with malignant MCA infarction should be treated at an experienced neurointensive care unit [26] [27] [28] . The treatment options listed below can be effective only with detailed haemodynamic, neuroimaging, and invasive multimodal monitoring tools (at least ICP and CPP, measurement in the ipsilateral side), the possibility of rapid interventions, and an experienced neurosurgical department in house. CPP measurement and repeated neuroimaging are strongly recommended. ICP alone is not a good parameter for neurologic deterioration and does not monitor brain displacement [6] .
Anti-oedema therapy
The use of osmotic agents is based on the idea of creating an osmotic pressure gradient over the semipermeable membrane of the blood-brain barrier and thereby drawing interstitial and intracellular water from the swollen brain into intravascular spaces. For the treatment of brain oedema after stroke, mannitol, glycerol, hydroxyethyl starch, and hypertonic saline are currently the most widely used [41] . According to the current guidelines, osmotherapy should be started in the case of increases of ICP [19] [20] [21] . The use of mannitol (100 ml of 20% solution or 0.5 to 1.0 g/kg every 4 to 6 hours; maximum daily dose, 2.5 g/kg), glycerol (250 ml of 10% solution, four times per day), or hydroxyethyl starch (6% hetastarch in 0.9% NaCl injection, 100 to 250 ml every 8 hours; maximum daily dose, 750 ml) is recommended. Onset of action of these substances is within minutes, and the duration is as long as 4 to 8 hours [27, 28, 41, 42] . In repeated use, dosage depends on serum osmolality, which should be targeted at 315 to 320 mOsmol. Hyperosmolar saline solutions (10% NaCl, 75 ml, repeated doses) may be used as an alternative. The advantage of hyperosmolar saline is that it is actively excluded from an intact blood-brain barrier [43] . Another advantage is that it can be combined with mannitol because it counteracts mannitol-induced hyponatremia, which develops in almost every patient treated by repeated doses of mannitol [44, 45] .
Steroids are widely used to reduce oedema in brain tumours. However, they have not shown any benefit for brain oedema treatment in ischaemic stroke, although there are no trials investigating the use of steroids in space-occupying ischaemic stroke [46] [47] [48] [49] . In addition, the rate of infections and complications in patients with diabetes mellitus is significantly increased with steroids.
Intracranial pressure-lowering therapies
Barbiturates have been administered in a variety of clinical conditions to control elevated ICP, especially in head trauma. Barbiturates may be helpful in acute ICP crisis in those patients awaiting more definitive treatment. Their routine use, however, is discouraged [27, 28, 50] .
Buffer solutions may be used as an option when other interventions have failed. Tris-hydroxy-methyl-aminomethane (THAM) (Tris buffer) is given by continuous intravenous infusion via a central venous catheter (1 mmol/kg as bolus infusion over 45 minutes followed by 0.25 mmol/kg-hour, aiming for a target arterial pH of 7.5 to 7.55) [28] . THAM can be used to raise blood pH independently from respiratory function. The mode of action is probably related to neutralization of an acidosis-related vasodilatation and thus a decrease of ICP [28, 51] . ICP should fall by 10 to 15 mm Hg within 15 minutes after bolus infusion; otherwise, treatment is not effective [27, 28] .
Hyperventilation is not recommended unless intracranial hypertension cannot be controlled by any other therapy and the patient is considered a candidate for more definitive treatment such as decompressive surgery [27, 28] . The patient's respiratory mode is adjusted for PaCO 2 (target 30 to 35 mm Hg) and venous oxygenation with jugular bulb oxymetry (>50%), which is best achieved by raising the ventilation rate at a constant tidal volume. After pCO 2 target is reached, it may take up to 30 minutes until ICP is reduced by 25% to 30%. Prolonged hyperventilation is discouraged because the effect wears off within 3 to 4 hours [27, 28] .
So far, none of these therapeutic strategies is supported by adequate evidence of efficacy from experimental studies or randomised clinical trials. To understand why medical treatment alone often fails to prevent clinical deterioration, the following points have to be remembered: (a) Clinical deterioration usually is not due to increases of global ICP but to massive local swelling and tissue shifts. Increase of ICP is a secondary late-stage result and represents a terminal and, most likely, an irreversible event that occurs when mass expansion exceeds intracranial compliance. (b) Many agents can work only at an intact blood-brain barrier, which is usually severely compromised in massive cerebral ischaemia. (c) CPP and midline shift are the major surrogate markers of treatment in massive infarction. ICP values are not associated with the extent of midline shift nor do they predict fatal outcomes, and reduction of ICP is not necessarily associated with an increase in CPP [52] .
Therefore, from a pathophysiological point of view, all of the above-mentioned therapeutic strategies may be effective only for a short period of time, if at all, but are doomed to fail in the long term [44, 53] . Several reports suggest that they are not only ineffective but even detrimental [3,9,34, Osmotic therapy with hyperosmolar agents aimed at lowering ICP and reducing brain oedema by drawing water from infarcted tissue may be detrimental by primarily dehydrating intact brain, contracting healthy brain tissue volume, thereby aggravating pressure differentials, and causing devastating shifts of brain tissue [6, 42, 44, 58, 62] .
In malignant infarctions, there are large areas where the blood-brain barrier is significantly disrupted. Hyperosmolar agents have been demonstrated to accumulate in infarcted brain tissue, aggravating brain oedema and space occupation instead of reducing them and thereby (especially in the case of repeated use) worsening brain tissue shifts [55, 59] . In addition, after discontinuing hyperosmolar therapy, rebound effects may occur [60, [63] [64] [65] .
Prolonged hyperventilation-induced hypocarbia and considerable decreases in cerebral blood flow by cerebral vasoconstriction both aggravate ischaemic brain injury [54, [66] [67] [68] . Profound hyperventilation may also jeopardise oxygen delivery to the brain tissue at risk. The underlying physiological mechanism is the Bohr effect: In the presence of carbon dioxide, the dissociation of oxygen from haemoglobin increases. A decrease in blood carbon dioxide by hyperventilation increases the affinity of oxygen to haemoglobin. This leads to a reduction in brain tissue pO2 and, as a result, to increased ischaemic damage indicated by increases in extracellular glutamate, pyruvate, and lactate [69, 70] .
In some patients with poor cerebral compliance, strict hyperventilation may cause paradoxical ICP elevation by increasing thoracic venous and cerebrospinal fluid pressure. Other side effects include barotrauma and hypokalemia. As with osmotherapy, adverse rebound effects may occur if normoventilation is resumed too rapidly [26, 28, 54] .
Barbiturates often do not lead to sustained control of ICP but may reduce CPP [50, [71] [72] [73] [74] [75] . In addition, treatment may cause severe side effects such as hypotension, decreased cardiac performance, or severe infections. Cardiovascular side effects may be aggravated by concomitant dehydration advocated by osmotherapy and reduced cardiac filling pressures [28, 50] .
As a result, none of the conservative treatment options has shown a beneficial effect on outcome in clinical trials, except for glycerol, for which a few clinical trials demonstrate an effect on short-time survival. However, glycerol also failed to demonstrate a long-term benefit [46, 61, 76] . This failure of conservative treatment is reflected by our clinical experience: In larger case series of maximum conservative treatment in malignant MCA infarction, case fatality rates are 53% to 78% [3, 11, 77, 78] .
Mild to moderate hypothermia
Induced hypothermia is defined as physical or pharmacological lowering of the physiological body core temperature to 36.0°C to 36.5°C (minimal hypothermia), 33.0°C to 35.9°C (mild hypothermia), 28.0°C to 32.9°C (moderate hypothermia), or 10.0°C to 27.9°C (deep hypothermia) [79] . It is well known in ischaemic stroke that body temperature on admission and during the first 24 hours is associated with the extent of ischaemic damage and is an independent predictor of mortality and outcome [80] [81] [82] .
Although the neuroprotective effect of hypothermia has been known since the 1950s, the earliest experimental findings in ischaemic stroke were reported in the late 1980s [83, 84] . There are numerous animal experiments demonstrating promising results, but only a few of them on massive cerebral infarctions [85] [86] [87] [88] . The beneficial effect was pronounced when hypothermia was started early and continued for more than 24 hours [89] [90] [91] .
Only one randomised trial has investigated mild-moderate hypothermia in severe, but not necessarily malignant, stroke (cooling for acute ischaemic brain damage, or COOL-AID). Patients were randomly assigned to either hypothermia or standard medical treatment. Target temperature in the pilot trial was 32°C maintained for 12 to 72 hours. In the subsequent phase I trial, a target temperature of 33°C was maintained for 24 hours. Due to the small sample sizes, the studies did not show statistically significant differences in mortality or functional outcome [92, 93] . There are no published controlled, randomised, or prospective comparative clinical studies of hypothermia in malignant MCA infarction. Available clinical studies in malignant cerebral infarction are listed in Table 1 .
These report mortality rates of between 17% and 48% ( Table 2) . Data on functional outcome are summarized in Table 3 . Only one study has evaluated functional outcome after 6 months in patients with malignant MCA infarction treated by hypothermia, and only 10 patients were involved [94] . Data on long-term outcome are completely lacking (Table 3) .
Hypothermia in these studies was associated with a high rate of complications, the most frequent being pneumonia, severe bradycardia and heart failure with severe hypotension, and severe thrombocytopenia and coagulopathy. Especially in the rewarming phase, a high percentage of patients developed severe increases in ICP. Increased ICP and herniation were the most common reasons for early mortality [95] . Most studies on hypothermia in ischaemic stroke used body Table 2 Mortality data on patients with malignant middle cerebral artery infarction treated with hypothermia 
Decompressive surgery
Decompressive surgery in large ischaemic strokes dates back to as early as 1935 [103] . It is the only available treatment that primarily addresses mass effect, based on simple mechanical reasoning. The rationale is to remove a part of the neurocranium in order to create space to accommodate the swollen brain, to avoid ventricular compression, to reverse brain tissue shifts, and to prevent secondary mechanical tissue damage. Normalisation of ICP and tissue oxygenation is more a secondary effect [9, [104] [105] [106] [107] [108] .
Two different techniques are used: external decompression (removal of the cranial vault and duraplasty) or internal decompression (removal of nonviable, infarcted tissue [that is, in the case of malignant MCA infarction, temporal lobectomy]). The two can be combined [109, 110] . In theory, resection of the temporal lobe may reduce the risk of uncal herniation. However, this has never been proven consistently by clinical studies, which show similar results as series using external decompression [111, 112] . Resection of infarcted tissue is more complicated, and it is difficult to distinguish between already infarcted and potentially salvageable tissue. Therefore, in most institutions, external decompressive surgery (consisting of a large hemicraniectomy and duraplasty) is performed: In short, a large (reversed) question mark-shaped skin incision based at the ear is made. A bone flap with a diameter of at least 12 cm (including the frontal, parietal, temporal, and parts of the occipital squama) is removed. Additional temporal bone is removed so that the floor of the middle cerebral fossa can be explored. Then the dura is opened and an augmented dural patch, consisting of homologous periost and/or temporal fascia, is inserted (4) death. In the case of patients in whom more than one outcome scale was given, we classified outcome according to the following priority: mRS -GOS -BI. NA indicates data not given or values of the BI, GOS, or mRS given as means [135, 136] . ACA, anterior cerebral artery; PCA, posterior cerebral artery.
(usually, a patch of 15 to 20 cm in length and 2.5 to 3.5 cm in width is used). The dura is fixed at the margin of the craniotomy to prevent epidural bleeding. The temporal muscle and the skin flap are then reapproximated and secured. In surviving patients, cranioplasty usually is performed after 6 to 12 weeks, using the stored bone flap or an artificial bone flap (Figures 1 and 2 ). Complications occur rarely and include postoperative epidural and subdural haemorrhage and hygromas or wound and bone flap infections [77, 109] . These can be recognized easily and usually do not contribute to perioperative mortality. A more common and far more serious problem is a hemicraniectomy that is too small. Because the proportion of brain tissue to be allowed to shift outside the skull is closely related to the diameter of the bone flap (which is removed), small hemicraniectomies not only are insufficient but may lead to herniation through the craniectomy defect [113] . Ventriculostomy is not recommended; although it may help to decrease ICP by allowing drainage of cerebrospinal fluid, it promotes brain tissue shifts at the same time and therefore may be detrimental.
Between 1935 and 2007, more than 80 case reports and series of patients with malignant brain infarctions including more than 1,700 patients have been published. Larger case series were not published until 1995 [77] . Only a few prospective trials have compared decompressive surgery with conservative treatment. Some of them used historical control groups, and most control groups consisted of patients with a higher age, more comorbidity, and (more frequently) lesions of the dominant hemisphere [3, 77, 104, 109, 111, [114] [115] [116] [117] [118] [119] [120] [121] [122] . These studies report mortality rates of 0% to 33% in surgically treated patients compared with 60% to 100% in conservatively treated patients. In a review by Gupta and colleagues [123] analysing all available individual patient data from 138 patients, the overall mortality rate after hemicraniectomy after a period of 7 to 21 months was 24%. Only one study compared decompressive surgery with hypothermia [124] , and one study compared mild Left hemispheric malignant middle cerebral artery infarction after hemicraniectomy (magnetic resonance imaging). The swollen brain is allowed to expand outside. hypothermia plus hemicraniectomy with hemicraniectomy alone [125] (Tables 4 and 5 ).
Various trials suggest that decompressive surgery not only reduces mortality but also increases the number of patients with independent functional outcome without increasing the number of severely disabled patients [109, 111, 115, 118, 126] . Other studies doubt these results, especially in patients with increased age and with additional infarction of the ACA or PCA [116, 117, 122, 127, 128] . Among other predictors that have been proposed to predict unfavourable outcome are preoperative midline shift, low preoperative GCS, presence of anisocoria, early clinical deterioration, and internal carotid artery occlusion [129, 130] . In the review by Gupta and colleagues [123] , age was the only prognostic factor for poor outcome, whereas time to surgery, the presence of brainstem signs prior to surgery, and additional infarction of the ACA or PCA territory were not associated with outcome. Data from comparative studies and reviews are summarized in Tables 6 and 7 .
These controversial results lead to constant discussion among experts about the benefit of decompressive surgery in malignant MCA infarction and to large regional differences in the application of the procedure. This dilemma could be resolved only by randomised trials. DESTINY and DECIMAL were stopped early in 2006, and the results were published recently [16, 17] . In both trials, decompressive surgery significantly reduced mortality, but the primary endpoint in both trials, dichotomization of the modified Rankin scale (mRS) score of less than or equal to 3, failed to show statistically significant results. Nevertheless, both trials were stopped not only because of ethical considerations to continue randomisation, but also because of expectations of a prospectively planned pooled analysis of the three European trials (DECIMAL, DESTINY, and HAMLET). This pooled analysis is the first in the field of stroke in which individual patient data from three different randomised trials were pooled while these trials were still ongoing. Of the 93 patients who were included, 51 were randomly assigned to decompressive surgery and 42 to conservative treatment. Results demonstrate that decompressive surgery (a) significantly reduces mortality (71% versus 22%, p <0.0001, absolute risk reduction [ARR] 50%), (b) significantly increases the chance to survive with an mRS score of less than or equal to 4 (that is, not being bedridden and completely dependent) (24% versus 75%, p <0.0001, ARR 51%), and (c) also significantly increases the chance to survive with an mRS score of less than or equal to 3 (that is, being able to walk and being independent in at least some activities of daily living) (21% versus 43%, p <0.014, ARR 23%) (Figures 3 and 4) [133] . There is no statistically significant heterogeneity between the three trials, and the treatment effects remain essentially the same for all analyses if baseline differences between the treatment groups are taken into account. The resulting numbers needed to treat are 2 for survival, 2 for the prevention of an mRS score of 5 or death, and 4 for the prevention of an mRS score of 4 or 5 or death. Decompressive surgery was beneficial in all predefined subgroups, including age (dichotomized at 50 years), presence of aphasia, and time to randomisation (dichotomized at 21.5 hours), as measured by an mRS score of less than or equal to 4 at 12 months.
Summary
For many years, there has been no agreement among experts concerning the question of which treatment is beneficial in patients with malignant MCA infarctions. In comparison with the usually unsuccessful conservative treatment strategies, hypothermia and decompressive surgery seem to be much more promising therapies [9, 53, 95] . Although hypothermia has been demonstrated to be feasible in patients with large hemispheric infarctions, data on safety and efficacy are currently insufficient to recommend hypothermia in patients with malignant infarctions outside clinical trials [99, 134] .
Because of promising results from numerous case reports, retrospective case series, and a small number of prospective studies, decompressive surgery has already been increasingly Morley et al., 2002 [137] Gives an overview on available data. No trial fulfills the criteria of a randomised controlled study design to be included in a meta-analysis. Table 6 Functional outcome data in patients with malignant middle cerebral artery infarction: studies with comparative data on conservative treatment versus decompressive 
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Functional outcome was classified as described in Table 2 . ACA, anterior cerebral artery; NA, not available; PCA, posterior cerebral artery.
incorporated into routine intensive care protocols [77, 109, 123] . In 2007, the results from nonrandomised studies were confirmed by a pooled analysis of three randomised controlled trials, supporting the widespread opinion among experts that hemicraniectomy in malignant MCA infarction not only reduces mortality but also leads to an improved outcome of the survivors without increasing the number of completely dependent patients [133] . So far, early hemicraniectomy is the only effective treatment in malignant ischaemic stroke. Gives an overview on available data.
No trial fulfills the criteria of a randomised controlled study design to be included in a meta-analysis.
Functional outcome was classified as described in Table 2 . ACA, anterior cerebral artery; PCA, posterior cerebral artery. 
Figure 4
Mortality and functional outcome after hemicraniectomy in patients with malignant middle cerebral artery infarction. 
